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FOREWORD

This report is submitted to the Astrionics Laboratory of the George C. Marshall
Space Flight Center, National Aeronautics and Space Administration, Huntsville,
Alabama, in accordance with the requirements of Task Order No. ASTR-LGC-16
of Contract No. NAS 8-5332. The report is one of a series describing radiation
effects on various electronic components. This particular report concerns
transistors, diodes and Zener diodes. The tests were performed by the Georgia

Nuclear Laboratories, Lockheed-Georgia Company.
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1.0 SUMMARY

One type of transistor with specimens from each of three manufacturers, two types
of diodes, and one type of Zener diode were subjected to a radiation environment
in a controlled temperature chamber to determine the effect of radiation on selected

component parameters.

Failure criteria for the test were: (1) A 50% reduction in hFE of the transistor
specimens, (2) a 100% increase in VF' or an increase in IR beyond specified

maximum values, for the diodes.

Results of the test were:

1. All transistor specimens failed. Median radiation exposure levels were as

follows:

50% Failed At
Type Manufacturer n/cm2 plus r
2N834  Motorola C 2.8x10" 8.1x10°
2N834 General Electric 3.4 x 10]3 8.6 x ]05
2N834  Fairchild 5.0%10'° 9.3 x 10°

2. The hie parameter of the transistors decreased in the same manner as the h

FE’

3. Except for a few specimens, the lCBO of the transistors did not change.

4. The majority of the 1N540 diodes failed because of increased IR while the

remainder failed because of increased V_.

F

5. All of the 1N649 diodes failed because of increased VF.

6. A very slighf increase in the VZ of the SIN752A Zener diodes was noted.
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2.0 INTRODUCTION

The experiment described in this report is the seventh irradiation of electronic
components and is the eleventh in a series of radiation effects tests on electronic
equipment, circuits, and components contemplated for use on a nuclear space
vehicle. Since the use of equipment on this vehicle is contingent upon its ability
to withstand the nuclear environment, the Astrionics Laboratory of the Marshall
Space Flight Center has undertaken to assure that Government furnished or speci-
fied equipment will survive this environment. The equipment is to be subjected
to the expected nuclear environment as simulated at the Georgia Nuclear Labora-
tories. Measurements made on the equipment during the irradiation will describe

its radiation tolerance.

The subjects of this test are the type 2N834 transistor, the types 1N540 and 1N649
diodes, and the type SIN752A Zener diode.
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3.0 TEST PROCEDURE

The test specimens were supplied by the Astrionics Laboratory of the George C.
Marshall Space Flight Center. They were exposed to a nominal gamma dose of
6.1 x ]05 r behind a neutron attenuator shield. The shield was removed and the
test continued to a nominal integrated neutron flux of 1.1 x 10]5 n/cm2. During
the test, the semiconductor specimens were mounted in a controlled temperature
chamber ot 45 + 2 c. Before, during and aofter the irradiation, measurements
were made to determine the parameters listed in Table 1. Measurements were

also made during the test to define the nuclear and temperature environments.

3.1 TEST SPECIMENS

The specimens tested are listed in Table 1. These specimens were mounted by the
Astrionics Laboratory. All specimens were new units and had only been subjected
to MSFC receiving inspection. Manufacturer's specifications for these specimens
are tabulated in Table 2. The specimens were soldered on printed circuit boards
which were mounted vertically on the test panel to equalize the radiation flux
distribution. Figures 1 and 2 show the relative positions of the specimen mounting
boards. The test fixture as shown in Figure 1 was placed directly adjacent to the

reactor for the irradiation with the environment chamber cover in place.

3.2 TEST SPECIMEN MEASUREMENTS

A complete set of data was taken prior to reactor startup to establish baseline
data for the test. During the irradiation, measurements were made at all reactor
power settings. Measurements were also made: (a) during reactor shutdown for
removal of the shield; (b) immediately after reactor shutdown upon completion of
irradiation; and (c) approximc’rel.y ten hours ofter completion of irradiation (on

non-failed specimens). All measurements were performed with the test fixture in



place at the reactor facility.
3.3 INSTRUMENTATION

3.3.1 Transistor Measurement Circuits

The transistor measurement circuits are shown in Figures 3 and 4. The emitters of
each transistor test specimen were commoned and the base and collector were
commutated into the test circuits. In the hFE and the hie measurement circuit,

Figure 3, the feed-back loop including amplifier "A" establishes the base current

necessary to provide a collector current of 10 ma. 910 pF capacitors were connected

from collector to emitter of each specimen at the mounting board to prohibit an
oscillation caused by the inductance and capacitance of the long lines. These are
mica capacitors and have previously been shown to be tolerant of the radiation
levels experienced in this test. The base current is measured by the digital volt-
meter and hFE is calculated from these measurements. With a signal current of

10 pa at 1 ke applied to the base, the base to emitter voltage (Vbe) is measured
by an ac voltmeter. The dc output of this meter is monitored by the digital volt-
meter and these values are used in determination of the input impedance (hie)'

The system sensitivity of the | measurement circuit, Figure 4, was in the order

29 CBO
of 10 * amps. System accuracy was + 1% + 10 nA.

3.3.2 Diode Measurement Circuits

The circuits, Figures 5, 6, and 7, were used to perform the diode measurements
with the GNL ACMS. The cathodes of all diodes were commoned and the anodes
were commutated into the test circuits. Potential leads for the diode specimens
were used to eliminate the voltage drop in the 300-foot instrumentation cables to
the test specimens. The parameters measured for the different types are shown in

Table 1.

G~

e
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3.4 TEST ENVIRONMENT

3.4.1 Pressure

The test was conducted at atmospheric pressure.

3.4.2 Temperature

The transistor and diode specimens were located in the environmental chamber at

a temperature of 45 + ®c throughout most of the test. See Figure 8 for tempera-
ture environment during the test. A combination of gamma heating and high ambient
temperature caused a rise in environmental chamber temperature near the end of

the irradiation.

3.4.3 Nuclear

The irradiation was performed in two radiation phases with a lapse of about 1 hour
between phases. The first phase was conducted with a lithium hydride shield inter-
posed between test specimens and the reactor, The second phase was conducted
without shielding. The neutron to gamma ratio behind the shield was about

2 x 105 nvt/r, as compared to about 108 nvt/r without the shield. During the
irradiation both neutron and gamma radiation were monitored and recorded.*
Isoline radiation flux plots were made for the test panels and used in the data

reduction.

*A more detailed description of the GNL Nuclear Measurement System is containedin
a previous report; viz Components Irradiation Test No. 1, ER 6785, Georgia

Nuclear Laboratories, Dawsonville, Georgia.



4.0 METHOD OF DATA ANALYSIS

The GNL Data Logging System recorded the parameter measurements in typewritten
digital form and simultaneously punched the data in 5-channel perforated tape. A

tape-to-card converter was used to transfer the h__ and hie data to IBM cards which

FE

were then programmed into an IBM 7094 computer to yield h hF (normalized

FE'

hFE), hie' and hie (normalized hie)' Normalization was accomplished by dividing
n
each parameter value by its corresponding pre-irradiation value.

The mean parameter value for a data group, where shown, was computed by adding
the individual specimen parameter values and dividing the sum by the number of

specimens.

The median parameter value for a data group (that value which divides a distri-
bution so that an equal number of items is on either side of it) was determined from
a plot of the individual specimen parameter values on an arithmetic probability
chart. The limits of the 68% envelopes were determined by picking off those values
within which were contained 34% of the specimens next above the group median
value and 34% of the specimens next below the group median value. The limits of
the 95% envelope were found in a similar fashion. The 7094 computer performed
these functions for the h E and hie parameters. The median and envelope limits

F

for other parameters were determined graphically in the same manner.

In those cases where the parameter of an individual specimen behaved significantly
differently from the group median, these "unusual" specimens have been portrayed

in separate figures.

Radiation environmental data shown on the figures' abscissae were obtained by

integrating, with respect to time, the gamma dose rates and neutron flux rates.



Those figures which show "Percent Failed Versus Integrated Neutron Flux" were
prepared after the procedure described by Mr. Frank W. Poblenz in an article
entitled "Analysis of Transistor Failure in a Nuclear Environment, " which appeared
in Volume NS-10, Number 1, January 1963, of the IEEE Transactions on Nuclear
Science. This type of presentation enables the circuit designer to predict the radia-
tion level at which any given percentage of the particular component will equal

or exceed the failure criteria.

Copies of the reduced data from which the graphs were prepared are on file in the
Astrionics Laboratory of the George C. Marshall Space Flight Center, NASA,
Huntsville, Alabama, and in the Georgia Nuclear Laboratories, Lockheed -

Georgia Company, Dawsonville, Georgia.
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5.0 TEST DATA AND DISCUSSION OF RESULTS

The test data have been presented herein in graphical form. The radiation
exposure is, in all cases, a combination of neutrons and gommas. The abscissa
scale on each of the graphs is accumulated neufrons/cm2 greater than 0.5 MeV.
However, the coincident accumulated gamma dose (r) is also indicated at those
points where changes in the reactor power rate occurred. |t is important to
remember that the total radiation exposure consists of both neutrons and gammas,
and that each may contribute, in varying degrees, to the degradation of a com-

ponent's parameter.
5.1 TYPE 2N834 TRANSISTOR

5.1.1 The hFE Parameter

The hFE of all specimens tested was decreased by the irradiation. The patterns
of degradation for each of the three manufacturers are shown in Figures 9, 10,
and 11. The patterns are similar in that each shows a discontinuity at the point
of shield removal. This appears to indicate that gamma radiation is a significant
factor in the loss of hFE' The dispersion of the normalized hFE values about the

median value was essentially the same for the General Electric and Motorola

specimens, but was noticeably less for the Fairchild specimens.

Figures 12, 13, and 14 show the failure patterns for the three groups. The
criterion for failure was a 50% reduction in hFE' Figure 15 is a composite of

the three preceding figures to facilitate comparison. From this figure it can be
seen that the Motorola specimens exhibited the least tolerance to radiation while

the Fairchild specimens showed the greatest.

Initial values of hFE and order of failure are shown for each specimen as follows:

11



FE

50.66
52.35
52.36
54.20
54.92
56.80
57.57
58.37
58.48
58.72
58.82
59.73
59.95
60.20
60.53
60.83
61.58
61.71
61.88
62.07
62.39
64.09
66.27
70.30
73.50
74.22

GENERAL ELECTRIC

12

Order of Failure

32
22
13
25
18
23

27
1
28

29
21

24
20
16

17
10
19

31
26
12



GENERAL ELECTRIC (Continued)

hFEo Order of Failure
75.15 6
76.10 14
76.80 30
78.10 15
82.93 8
87.71 7

There is a very slight correlation between high h__. and early failure in these data.

FEo
MOTOROLA
hFEo Order of Failure
62.86 28
66.19 31
66.64 33
70.25 32
72,01 29
73.72 39
75.69 26
77 .51 30
79.59 38
79.78 23
81.27 37
82.24 40
82.81 20
83.13 18

13



MOTOROLA (Continued)

hFEo Order of Failure
83.27 22
83.33 21
83.48 34
85.61 19
86.65 24
89.49 27
99.57 35
102.40 9
108.40 36
117.60 10
140.00 12
140.80 7
158.70 4
161.00 14
162,60 )
177.10 3
178.50 8
185.00 25
187.90 5
188.30 15
197.20 1
204.00 13
207.90 17
209.20 11
210.00 16
275.40 2

In these data there is excellent correlation between high hFE and early failure.
o

14




FE

34.66

42,
42.
.33
.63
.42
.95
.31
38.
59.
59.
59.
60.
60.
.53
62.
63.
64.
64.
65.
65.
66.
66.

& Xk

&

61

00
53

81
13
69
88
12
61

1A
89
38
79
33

65
78

67.23
67.57
69.79
70.57

FAIRCHILD

15

Order of Failure

34
36
27
25
11
32
35
23
21
24
3
26
16
15
13
9
30
4
33
14
20
2
19
6
12
28
37




T T——————

FAIRCHILD (Continued)

hFEo Order of Failure
70.62 7
70.71

71.51 . 18
71.91 31
72.31 5
72.54 1
73.40 17
73.42 22
75.75 29
77.50 10

These data indicate a slight correlation between high hFE and early failure.
)

5.1.2 The hie Parameter

Figures 16, 17, and 18 show the normalized hie data for each of the three groups
of specimens. The similarity of these figures to the corresponding figures showing
the normalized hFE data (Figures 9, 10, and 11) may be explained by the relation-
ship:

h +h, r

ie ~ 'bb fe e

where "o = base spreading resistance

and rg = emitter junction resistance

Since hfe ~ hFE the expression may be written hie ot h Normally

ro.
FE e
hFE o (or hfe re) is the predominant factor and thus controls hie'

16
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5.1.3 The lCBO Parameter

Except for the "unusual" specimens shown in Figures 19, 20, and 21 no increase

in ICBO was detected for any of the specimens. Small increases did occur in the
data obtained but these were attributed to radiation rate effects in the instrumenta-
tion cables. The data shown in Figures 19, 20, and 21 have been corrected for
cable effects. The mean ICBO values and the range of values obtained in pre-

test measurements are shown below for each group:

Pre-Test ICBO Values (ua)

Group Mean* Range*
General Electric .028 .01 - .07
Motorola .035 .02-.05
Fairchild .014 .01 - .04
*Less "unusual " specimens

5.2 TYPE 1N540 DIODE

5.2.1 The VF Parameter

Figure 22 shows the behavior of V_ at |. = 250 ma while Figure 23 shows V_ at

F~ F F
IF = 500 ma. The patterns in the two figures are practically identical. In both
cases V_ began increasing at about 2 x 10”

F

increasing rate as the irradiation continued. Figures 24 and 25 show the failure

> 2. There

2 . .
n/cm” and continued to rise at an

patterns for one of the failure criteria selected, i.e., VF/V F
o spe . O .

appears to be no significant difference between the two patterns. As will be

shown in the following paragraph, all but seven of the specimens failed due to

increase in |_ before failure due to increase in V..

R F

17



5.2.2 The |R Parameter

Under the failure criteria selected for these diodes (VF/VF > 2or IR >200 y a)
thirteen of the specimens failed due to increase in IR' TheciR data for the group

are shown in Figure 26. | of some of the specimens began to increase at about

R
]010 n/cm2 and showed a rapid rise thereafter. For other specimens there was

comparatively little change in | prior to failure because of increased V_. Figure

R F°

27 shows the IR data for the eight specimens with the smaller changes in IR.

28 shows the failure pattern for the 13 specimens which failed because of increased

Figure

l,. The spread of data would indicate that few, if any, conclusions could be

R
drawn. The last two failures did not fit the pattern of the first eleven. This may

indicate that at least two modes of failure are involved. One of these may be

surface effects.

5.3 TYPE 1N649 DIODE

5.3.1 The VF Paramater

The VF data for IF

respectively. VF at IF=400 ma began a noticeable increase slightly before VF at

IF = 200 ma. However, Figures 31 and 32 show no significant difference in the

failure patterns of the two test conditions.

values of 200 ma and 400 ma are shown in Figures 29 and 30

5.3.2 The lR Parameter

Figure 32 shows the lR data for this type diode. There was an increase in o which
appeared to be a function of both radiation rate and radiation exposure. The rate
effect was most noticeable at the higher neutron rates. There was considerable
annealing during the period of reactor shutdown for shield removal with the median

|, value dropping below the pre-test median value.

R

18
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5.4 TYPE STN752A ZENER DIODE

5.4.1 The VZ Parameter

Figure 33 shows a slow but steady increase in VZ during the irradiation. The total
increase in the median value amounted to about 0.35%. The post test measure-
ments taken approximately 10 hours after reactor shutdown showed some annealing
7 values ranged from 5.5658V to 5.8065V. Post-test
VZ values ranged from 5.5%03V to 5.8221V.

of this parameter. Pre-test V

19



TABLE 1 TEST SPECIMENS AND TEST CONDITIONS

Board No.

SIN752A

Motorola

Description No. Tested Test Conditions Parameter
1&2 Transistor, 2N834 40 VCB = 10V, IE =0 lCBO
NPN, Si, General
Electric VCE = 1.0V, |C =10 ma hFE
VCE = 1.0V, |C = 10 ma hie
|Sig =10 ga at 1 ke
3&4 Transistor, 2N834 40 VCB = 10V, ‘E =0 ICBO
NPN, Si, Motorola VCE = 1.0V, IC =10 ma hFE
VCE = 1.0V, IC = 10 ma hie
ISig =10paat]ke
5&%46 Transistor, 2N834 40 VCB = 10V, |E =0 l.CBO
NPN, Si, Fairchild VCE = 1.0V, IC = 10 ma hFE
VCE = 1.0V, |C =10 ma e
lSig = 10paat! ke
7 Diode, 1N540 20 IF = 250 ma VF
General Electric |F = 500 ma VF
VR = 400 VDC IR
9 Diode, 1N649 20 IF = 200 ma VF
General Electric |F = 400 ma VF
VR = 400 vDC IR
8 Diode, Zener 20 'ZT =20 ma VZ

21
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Transistor Specimen

—
T ;
ke Isoli:fion g FZéOQ
M Filter
Base Current 5000 +
1 ke RMS AC Limiting Resistor 6 VDC
Oscillator Voltmeter Power
Stabilization and Supply
Transient Protection Network —
1 / -
=, A | O I TRV
ase 134
Limiting l I uf I &
Voltage M
N L
FIGURE 3 hFE AND hie MEASURING CIRCUIT -
5
Zener Diode Specimen
10k /
Transistor
Specimen
15k
10 k @
10 vDC 300 vDC
- Power + - Power +
Supply —_—_*_— Supply 3—__
FIGURE 4 ICBO MEASURING CIRCUIT FIGURE 5 V MEASURING CIRCUIT
Diode Specnmen
-
Diode E R lF
60 VDC | 210 6 | 250 ma
IN250 R
60 vDC | 100 Q4 | 500 ma
60 VDC | 265 0 | 200 ma E
IN649 + -
60 VDC | 128 @ | 400 ma DC Power o _¢
Supply =
FIGURE 6 VF MEASURING CIRCUIT
Diode Specimen
f Dl’ (€.
I 4
Diode VR
IN250 400 vDC 10 k
\'%
IN649 400 VDC R
- DC Power | +
Supply p—

FIGURE 7 IR MEASURING CIRCUIT
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INTEGRATED NEUTRON FLUX

L FAILURE DEFINED

| ASh/ hFEof .5

/

/
/

012

10

13

n/cm

30

10

14

10

15



PERCENT FAILED

O OO O

99.99

99.9
99.8

99
98

95
90

80
70

60

50
40

30
20

10

—

0.01

.05

[ FAILURE DEFINED
| AS hFE/h < .5 /

LT

FEO—~ /

10

12 ]013 2 ]014

n/cm

FIGURE 13 2N834, MOTOROLA, 45° C, PERCENT FAILED VERSUS
INTEGRATED NEUTRON FLUX

31

10

15



PERCENT FAILED

99.99

99.9
99.8

99
98

95
90

80
70

60
50
40

30

20

pa—

OO O O
N

| FAILURE DEFINED
L ASh. /ho. <.5
° /
/]
1012 1013 o4 RE

FIGURE 14 2N834, FAIRCHILD, 45° C, PERCENT FAILED VERSUS
INTEGRATED NEUTRON FLUX

n/cm

32




PERCENT FAILED

99.99 '
R

99.9 | FAILURE DEFINED
99.8 AS hFE/hFEof-O's

/
99 / :
98
/

90 / ,
. /
; it

60 /
50
10 // /
30
20 /
< /
) NBE
5 0 T
@) }g/
2 = 8/—5
[ ‘*/
] O
0.5 /5"/
' < 1]
0.2 ~
g | ]
0.1 Zr ]
0.05 ~(‘3] /
0.01
10'2 10'3 . 104 10'°

FIGURE 15 2N834, (GENERAL ELECTRIC, MOTOROLA AND FAIRCHILD), 45° C,
PERCENT FAILED VERSUS INTEGRATED NEUTRON FLUX

33



al
XN74d NOILNIN AIUVIDIINI SNSYIA "4 QIZITYWION D oSY DLDITT IVIINID ‘be8NZ 91 NDIS

wo/u
4
ol 0l
91 Sl y1 0! g0t 210! 1! 010! 0l 0
7 N
» paaowsy p[a1ys Hi
\ '
A i
y \
b /,
Ifn.m //
. %) iq. ‘.- X -1
U /7687 = 7'y uoaw { FN N
9dO[aAUT 9G4 = = = \ W/ N '
adojaaug 9,89 A - -
unipayy @—@- lx n.:.:b ™ ~
o018 01Xz g N5 % T~d#HALL L
o0l ¥ 4T Joixgg ¢ NA AR N ]
LOUX1'8 olxoe 9 N e . ™~
oLxt'g Jolx1/ ¢ N, Rt e U TR TR R >~ .
LI Yo v N e Jaatigidi o T 5 T~
< i Il l- 1€ Phalk 5 <F 1 iy % T —
QXL otxowe £ N a2 shea s NN NN A NrET-
orxzL Corxz 2 BN Hian i ons s 3 Mﬂmk
oLxz o_xN.N l r~<{ L Tt =T 0
uww\NEo\c Y/ %20y ]
S3LvY NOILYIavy
1Lt 1 1 L1 ] —
*8 Fy4 9 IIJ‘I.I ¥ T ———— ¥ |
101X €78 101 XGTL S0l XL 101X 9% 101X 1°G 101Xz 101X 27
I
4

34




3l
XN1d NOYININ GILVIOIINI SNSYIA "4 QIZITVYWION D oSY 'VIOYOLOW ‘v€8NZ /1 3¥NDIS

wo/u
7>
0
o0l ¢ (0! 10! e10! 210! (10 010! 0! .
3 w; -
N %
-~ 7
A S
N '
-~ €
PI2i4s H
v
. 19
>
[+ m./ 73]
[e] —
B /7206 = 'y uoawy -7 ™
adojaauy 956 — —— o
adojaAuy 9489 —— 4,
upipayy “@—@-
ol x6'8 0l X/°C 8 .
Qorxsz  Jorxss . M i} -8
oo_ xG'8 mo_ x0'¢ 9 Al
0L %68 IR 4 S TS Y 1.
8 0 14 0 b A B
oLxz'L  01x0°C € EE5 » moT~
Mo_xm._ wo_x_.m z - b mincs:s -0t
QoL oixze | L L
uwm\NEu\: 1y %210y ™| e a4 T [ 11
S3LVY NOILVIavy
)0 A 1 e i 1 1 - N._.
_ll &"_ «/ x9 LS RL'& ||_.1|!
. . . . PV Ll x 7 S 01Xzl
_oo_xmw Loo_xm l Loo_x_ l _mo_xom m.o__ 1°¢ vo_ AN mo
4



9t

al
XN NOYLNIN GILVYOILINI SNSYIA 'Y QIZITVWHON D oY ‘ATHDYIVE 'YEBNZ 8L T¥NOIS

NEu\c
L
0 < 0! 10! ¢0! 210! (10! 0Ot (0! 0 .
I T T T T ]
_ A R _
i T T 10
N I ” :
(I __“ | : -z
| i
| ! panowaY PIa1YS HIT
: Vi 1
H : | _ — ¢
, - T T H ¢
N . ! . |
N , b .
N L v
47 j ”
/.J \ | | i
\ ./ “
\ N\ _ _
: | [ .
o] T U - 0
U prlog= Oly uosw md '\ , B
8dO(aAUT 4Gl = = == " erv - l-IiﬂnJ \
adojaauz 9,89 —— u|u/,v{ " // -,
uoipapy @8~ \ ﬁ,p/l : \ |
oLx0Z 0L%x€T 8 (NP N\
ol 9 . L N d g
oLxez Jolx9/ Vi NIRRT NS
Olgixo0'z “01xg'z 9 ,v/ .m,“f. (t_,m.w.,xﬂ_ B0 N i DA i ~H
6 .. S . \ APy e M i b 2 0% .WM u
QL 0°L Jolx09 ¢ R R S 40T N s VSRR EROHD 10 b i
0 0 ¥ N o TR R T 2 g T T
oLxX0'l O1xZ L € TN L aSHRy ey o
%o_xo._ Mo_xw._ z -= I T e NN
OLX 0L 01x67L L ! | N trot — TR
uwm\NEu\c 1Y/ FEITN “ — 1t
$ILVY NOILYIaVY | % |
Tl [T 1 A3l T L1 1 ! I_N._.
[ 8 —® / £Q ————r4———— ¢ *€ AR il
A X * El X * i x * § X * k] X M A4 X . A X M
QXU 10LXe L 101%2°6 'Ol X8y SOl _v v L1 %01 0L x 0"l
14

36




01D, «

XN14 NOYLNIN GILVIDIINI SNSYIA 1D oS “(SNIWIDIIS w IVNSANNL Z) DILDITT TVHINIO ‘PEBNZ 61 WNOH
/U
2/
60! ¢ (0! 40! e (0! z10! (10! 010! Ot 0
l{lﬂ..q] dﬁ 10
09 uswioadg ] — v0°
-1 so°
-
lll.l-.
e - 91°
—~ ozt _
® &
o . 4 L IH . O ~
— . e o 5
Gy uswisadg z
_ = - sz
! 00l 1’8 oLx/2 8
H 00l ¥ 42 Jo1x8'8 L 2
i LOLX 18 01X0'E 4
m gl 18 JoLx1/ S
; 0 0 14 —~ 9¢
m paAaowsy P|31ys HI mo_ Xzl m.o_ X o”N €
' Lz L JoLx1°z z .
. QOLXZTL olxee L -1 o
29s/_wa/u /s 240y
Z ’ I
SILVY NOILVIaVY
1 IS NN 1 40BN L m.v.
*8 xl *9 - #G ——ra—————— ¢ xT ———py |
X e XCc* 4 X [* X Q* 1 X 1°* 4 Xz* A xXe*
101 XE8 4 0LXGTL 01X L] 101 X 9°6 mo___m L0 ¥ 21 oL X2t
114



XN14 NO¥LNIN AILV¥DIINI snsyaA OF2 2,57 “(SNIWIDIAS L TVNSNNNL €) ‘VIOYOLOW ‘vE8NZ 02 RNOIS
wa/u
z /
60! 0! y10! e (0! 20! (0! 010! (Ol oo
» - . o .
1 ZG | uawydadg
Te » A =
—~ ot”
l//
\ N
M ] .
ZIl cmE_uwam/..jTI - l‘om
] ] Om”-
A — oy
N /
—Hos  _
(@]
. 3
. [ee]
N ] \\ l&oo £ ')
Man W 1 >
oz
o OLXS8 olxsT 8 o | TT—t—ell] \o\oo_ uau22ds
00l ¥ 82 colxgg / — 08"
LOLXS8 “0Ux0°e 9 /
01 X8 SOl X1z S
0 0 4 — 06°
No_xm._ mo_xo.m £ \ '
QoLxezil Jolx1e ¢ Ul 001
oLxz' L lolxzgz L
5 £ paAoway p|alys HI
uwm\NEu\c 1y/4 FEYT I; oLt
S31VY NOILYIavVY
111 1 1 L | I 1 - _ ION.~
—.I‘ 8 L Y4 %9 M1 *£ xC . |~
4 X ¢ K X . A X . b ¢ . pi X . X X ¢ A X ¢
QOLXE8 1 01XGTL 401X 171 1OLx9°s mo___m RUR A QOLxT'L

1Y




XN14 NOYININ QILVYDILINI SNSYIA Omu_ o) a4 (SNIWID34S « TVNSNANNL 2) ‘QTIHDYIVS ‘PESNZ 12 3¥NDIS

NEu\c
ol ol 0t o]} 0l o]} 01 0l 0
21l Sl 14! £l 4 Ll o] 6
ﬁﬂj[ ﬁqqf -9 j] i - O
N
NN
LN -
o:mE_qum/”
-~ ¥0°
[ 11
N
n,II! 00"
1/ / —
N
— 80°
m_cwE_ume/ J
— ol° —
(@)
(o]
! (]
— 21 > N
z
— ¥
o_o_xo.m oo_xm.m 8
o_o_xm.w mo_xo.N VA ol
0L X0, ol *xG6°¢ 9
Qrxotz Sorxos s panowsy plas HYl
0 0 14 - 8lI°
Rl P TR € -
oo_xo._ vo_xm._ Z
mo_xo._ mo_xo._ | — 02°
umm\NEo\: 14/ 910y
$31v¥ NOWLVIaVY 1 %
Ly 4 1 ) | riry i1l ] 1 p— VN.
Jo— 8 —»1 «/ %9 *G o *£ 2 ——>1e o |
i X1/ 4 X e* J A 1 x Q* 1 X 1 xQ* J xQ0°
oo_ 17/ A\vo_ €1 mo_ AN mo_ 8’y mo_ _vv¢ ¢o_ 0"t mo_ 0°1
L ]



XNT4 NOY¥LN3IN QILVYDIINI SNSYIA (Yw 05z = u__v n_> D 4 O1¥12373 TV¥INID ‘O¥SNL 27 3¥NOH

NEu\c
910! 610! (0 g0 219! (19! 01 ! 0 .
i el = = w o'
“ oS —
\\\M 228
/ .,.sAw..VM T
7 s —
1 /b \.\W ‘\ [}
iv5 & A
W ! 4oz
1 /
od !
G B
s LTS \
g4 11 -
ado|oAu] 9454 —— — ) \.“ — 0°¢ m ?
ado|aAu] 9,89 —— .m. 1 H =
uoipay @—@- Sy <
7 ]
o_o_ X8'6 AVo_ x 8¢ 8 _- pasoway piatys Hi
0L XEE o1xEs <1 1oy
QLx8e olxie 9 _.
wo_xm.m vo~xm.m S AN
0 0 14 ARl ]
mo_xﬁ._ mo_x_.m €
QUL JolxzT ¢ I _ .
QOLXvT L 01X ye [ N - 0
omm\NEu\c vz %910y \
S31VY NOILVIavY 7
101 5 I 1 000 SR 1 __ L0.0
[+— .8 PY4 %9 > £G > *£ 0 *_L
yi X . pi X . 4 X . X . X ¢ A X . 4 X *
oo_ 8’8 oo_ @71 oo_ [°1 _mo_ 6°G hmo_ _v 9 vo_ €71 mo_ €1

14




XN14 NOYLNIN GILV¥OIINI SNS¥IA (Vw005 = ) A oS7 "DNIDITI IVHINID ‘OrSNIL €2 NI
w3 /u
e

o_o_ m_o_ Lv_o_ m_op N_o_ __o_ o_o_ mo_ 0

<
-
4 —
9dO[9AUT 9G4 == = o g
wo_o_m>cm %89 ~—m— ﬂ
upipay @—e- ._ -z
001786 o1x8z g X paaoway piatys Hi
o0l X€e lotxgs 2 d oy
QLXes lolxie 9 L )
g0l X8 Jolxg*/ S 3 |
0 0 v T ]
oL X%l 0lx1°C £ a% i .
Mo_:._ wo_xN.N z ol | 0'c
oL X7 QoL v'e | v
umm\NEu\: 1Y/ 5940y ..u_‘
S3LVY NOILVIavy Al
T T 1T T 1] i oo
be—— 8 wl f—— %9 #G v —————— ¢ - xC w [~
* X Q°* ] X |* i X &° 3 X p* ] X e 101 x¢etl
101X 8'8 JOLX 97 1 0Lx 1"} 01X 6%S 0! _v s ,01 X €71 0
"4



PERCENT FAILED

CUC T

FAILURE DEFINED /
9.9 |
99.8 |- ASVe/ VFo > 2 )

99 /
98 /

90

v
~NQ

N

OO O O —
- N
N

10” ]012 ]0]3 1014

n/cm
FIGURE 24 IN540, GENERAL ELECTRIC, IF = 250 ma, 45° C, PERCENT FAILED
VERSUS INTEGRATED NEUTRON FLUX

42




99.99

T

99.9 |- FAILURE DEFINED

99.8 [-ASVE/ Vg 22
(e]

99
98

925

90

80

a 70
Ll

260

- 50

w 40

& 30
20

w

0O N

]

S OO O — N

.05

/

0.01
lO”

FIGURE 25 1N540, GENERAL ELECTRIC, |

10

12

n/cm

F

43

10

13

10

= 500 ma, 45° C, PERCENT FAILED
VERSUS INTEGRATED NEUTRO'N FLUX

14



1.6 x 106r 8.8 x ]06r

1.1 x ]06r

5.9 x ]05r

|.3x]03r ].3x|04r

4—]*-1.— 2%

1200 [~

LI 1IL

1

1

RADIATION RATES

L1JI]]

8*
A

n/cmz/sec
1.4x 10
1.4x 10
1.4 x 10

5
6
7

[ _t 10

r/hr
2.4 x 10
2.2x10
2.1 x 10

Rate*

]016

8
9
10
10

0
92.8x 10

3.3x10

9.8 x 10
2.8 x 10

< 10 0 0

]015

0
7.5x 10

3.1x10
68% Envelope
— — —95% Envelope

9.3x10
2.8x 10

1
2
3
4
5
6
7
8
-0—@ Median

]014

7*

v

N /“r\{‘_
~
Ny \l

6*

- (\\~ ! ~
by

7.

—
A

Dl

g
~

A 4

2
TS RN
<

)\

iy
-~
.

)

s

A

T
¥l
A
s ¢
N
P

¥ )\i
I
}:. "X

RS

C
/1

Vi

U
14
<
P
2
o
»

4
\

1Y

N

AN

YLiH Shield Removed -1

)
-«

Y

]

4
2

3% —————oof——— 5*
]
g
%
c
o
:.
re

]09

1000 |-

800 —
600
400 —
200

(vr) ¥

FIGURE 26 1N540, GENERAL ELECTRIC, 45° C, IR (VR = 400 VDC) VERSUS INTEGRATED NEUTRON FLUX



XNT4 NOYLNIN QILVIOIINISNSYIA (DA 00y = SA) ¥1*D 6p (SNIWID3ES 8 ¥IMOT) “D1¥1DIT3 TV¥INIO ‘O¥SNI /2 TNON

NEu.\c
90! ¢ 0! 0! el 710! (0! 01°! 0! 0
| =
W LT jiee
sepe oo T Tl T T T | A
6€ ﬂ«mhmu. MQNM A\\ sull \‘\.\.\.lllll \ \ 7
e 4] \\ L /
4 Vs 7]
8¢ 4 ~
\ H
1 ! |
\\-
. -
01 %x8% _0lx87 8 )
w“o, xg'g Mo# N S Tm \Ll
Q1 x86 olxie 9 7 ~
mo_ X 86 vo_ xG'/ S paarowsy P21ys HI1
0 0 v \
oLxvy L 01L*x1°C € / ]
Mo_il wo_xm.N z R\ :
X . X .
QOUXP' L 0LXv7T L _
uww\NEu\c 1y/a %240y
S31V¥ NOILVIawy \ —
Jii1it 1 1 1I11 1 1 1 1 \ -
le—— 48 */ _A|I) 9 I'—llltu. III'T|| € 5t |~
Pl X . A X . 4 % . 1 X . 1 X d 1 X . A — X .
QOLX8'8 101X 97 401X ["1 OL*6°S SOl _ ¥°g LU (Ol X1
%4

ol

0c

0¢

oy

0s

09

04

08

06

00t

oLl

0Z!

(v 3

45



PERCENT FAILED

99.99

99.9
99.8

99
98

95
90

80

70
60

50
40

30
20

10

OO O O — N
N

| FAILURE DEFINED /
| AS [ >200 ya //
(7 SPECIMENS DID NOT FAIL /
- PRIOR TO TIME V, / V. > 2) i
/f
/A

3
PA
LO
<>/
O//
0
1010 oM 102 10

n/cm
FIGURE 28 IN540, GENERAL ELECTRIC, 45° C, PERCENT FAILED
VERSUS INTEGRATED NEUTRON FLUX

@)
w
[

1.6 x 10]

13



X014 NO¥ININ QILVYOIING SNSYIA (Yw 00T = “__v n_> o) S¥ “ORLDITI IVEINIO ‘6r9NL 62 RWNON

NEu\:
o_o_ m—o_ v_o_ m_o_ N_o_ :o_ o_o_ oo_ 0 0
— S0
-t — 1= — 0°1
\..X 2 '
4 ¢
\\ . - m.._.
/]
! LB
X2 — 0°¢
1 Y
L%y e
| / -
' —_
<
“ k2 L8 d4o0¢e O N
2do|aAUT O4CH = == — 18, | =
adojaAul 9489 —— 1E ) | \s)
uoipayy 0—e- _,m. ] - s°¢
C is i
o_o_ xg'g oo_ X /T 8 ) A | paAoway pl3lys H! .
o_o~xm.m mo_xo.w Vi 31+ — 0%
oo_xm.m no_xo.m 9 14 |
oLxg'8 Jolx1°/ S ) A | .
& 0 "o y Iz ; sy
mo_xm._ wo_xo.m € & &
oo_xm._ vo_x_.m z § - 0°S
OLXTL ol xee L 14 |
wm\ wofu /1 FETY e i QR
SILVY NOILVIaVY 1= 0
T T jIsEEEm| _ - 0°9
—"'*w L PYA *9 xG - llL..I |+*_|J
Lo_x.wm ho_xo_ Loo_x_._ hmo_xo.m Lmo_v_AN.m LotAN_ ho_xm_

L4



XNT14 NOYLNIN GILV¥OILINI SNSYIA (VW 00V = m_v m> > o4 DI¥1D313 IVIINITO “6¥9NIL 0€ INOH

NEu\c
o_o_ m_o_ Eo_ m_o~ N_o_ :o_ o_o_ mvo_ oo
— 60
—1 0°t
T T = i - X
'S o=
A
Sl -2g ]
7 Oy — 0%¢
‘\ 4 -W\
{ . - 6T
X
1 L4
7~
A — 0°¢
9d0|3AUT %G — — — | .
adojaAul 9489 ——— Vi
up|pay -@—8- —1 6°¢
o_o_ xg'g n»o_ X /"7 8 paAoway piaiys HI
o_o_ xg'C mo_ X6°8 L 4
oopxm.w mo_xo.m 9
mo_ x¢g'8 vo_ S 4 S .
0 0 ¥ n A
mo_xm.ﬁ mo_xo.m € '
oo_xm._ Lvo_x_.w l 4 o¢
mo_xm._ mo_xm.m l
umm\NEu\c /1 FEYCH Ao
S3LVvY NOILYIaVY
. 81 0 0 I D S S 1 % 1 5 50 B G (S S I P
_ v *8 ’ — EY4 9 ' *S ' »£ Y4 x 17
] X $tg 4 X o* x {* . . . .
oo_ ¥'8 oo_ 91 Loo_ [ ;mo_ X 9'G Lmo_ V_A.wm S _vo_ AN Lmo_ A
.

(s110A) A




T T

99.9 |- FAILURE DEFINED
(o]

| /
99 .
98 J/
90 ‘?/

80 /o
Q70 o]
-

< 60
— 50
& 40

w 30

20

10 /3

0.00 o -
- N
N

/

10'! 1012 2 1013 10t4
n/cm
FIGURE 31 IN649, GENERAL ELECTRIC, |. = 200 ma, 45° C, PERCENT FAILED
VERSUS INTEGRATED NEUTROF\I FLUX

49



699 | FAILURE DEFINED
09.8 | ASVE/ Vg 22

O
(8.}

O
(@]

[0}
o

D
~
o

LE

o~
o

U
o

QA

w
o

PERCENT FAI
E-N
S}

N
o

o

SO

(8,

N

OO0 o o —
N

10”

FIGURE 32 [IN649, GENERAL ELECTRIC, |

l012

n/cm

F

2

= 400 ma, 45° C, PERCENT FAILED

VERSUS INTEGRATED NEUTRON FLUX

50

]013

10

14




X114 NOYLNIN QILVEOIINI SNS¥IA (DA 00F = *A) R S¥ ORIDTTI IVIINIO ‘6vINL €€ WNOH

NEu\c
o_o_ m_o_ v_o_ m_o_ : N_o_ :oﬁ o_o_ mo_ oo
. s | A=TT 0 B 1 o s
41 bR St - = — 1L r\qﬂﬂ.ﬂwﬁ,rw\qﬁu. = Mo
< 3 vr vuk. - =L 0 u‘ STERA D .?T_,m._u_4 A
L \\ﬂy. NG IR iSRRI Yo y 1l .\{,.Goﬂn &
s/ ; o Zrhy T ' - {2 HAT - 14 Yea_ <
a2 N Ll h‘f SN A B mo.m
> T A Ay, A oI T- Wz IZUEAYPE TR
1 T (o S AT A7 IIEN .x\‘m,m“, 3 L L%NTD\Q\L..\L\_. =
\w\... 3\,12\\“ \L.\ Avmml :m% y\,:;mL L1 A ../.WM(N\«W\LEV T
7 % -7 A Y FIAL - L -7 4 il —o¢
) g SE N DBZACA S
e (R B = U1l
K\C .\, N [ ﬂ. { L‘ — H <=
T fM\rA 3 W fT < \\\ —0°v
TR e <N
: 52 mv\ L 1 \\ "
(/A7 I..O.ﬂ
M&W\\ T _
i il 1o =
2do|aAUT 9G4 = == — ' 09 dunv ©
adojaAug 9489 —— <
uoipay @—@~ —0°/
/
Q0L X E8 oLxLe 8 4 panowsy PI31ys HI1
o0l X8z coLxes L 2 —o's
oo_ xg'8 mo_ x0°¢ 9 »
o1 xg'g 0L*xX1°L S ( .
8 0 "o y + . —10°¢6
QUXTL 01X0T € i
(TR A oL x1°Z I4 y 0°01
9 . 14 . —
m.o_xN_ mo_xmm L
uwm\NEu\c 1Y/ »240Y dor 11
S31vy NOILYIaGWY
) R . 1 300 0N 1 IIO.N—
—‘I| %8 |'~ YA *9 %G - *£ o i *C ¥ |-
P Xy a X Q° P X [* J X Q* P Xz I IREA| yotlxzol
Qo— ¥°'8 oo_ 9"l oo_ 1*1L mo_ 9°G mo_ _ A b ¢

£Y4



Z

XN14 NOYLININ QILVIOIINI SNSYIA “A D oY ‘Y1OYOLOW ‘VZG/NIS  vE NOIA
wo/u
7
150, 0
d w_o_ v_o_ Mu_o_ N_o_ :9 o_o_ oo_ B
- 'S
paroway p|a1ys H!I
1 —
o o o e hte {amp  fee o g l-lll.llll-l.llllll.l.!._l
-1 i === T i 9°¢c
A\. Y _'A. ¥ S WWEA \1‘ 3 m
— + o o N 5 & S 0] S0 i N { A T A K1 [ L
w ISEE _a[u\xﬂ\./,kw M3 uu.v... IN\ __ﬁ‘. aﬂﬁ;. Uﬂ..\rw.d\ ”...\.xJ_u H .;\.._. A
. 11 ,AD - - I ..\“ f \|\~)f|b/.._~v .“\. ;f\c ~IV~H\\ ! .(# ;|\\_\... ._ule.
wd \J\ 1rvim.\J I oM \w\ \.Ixu.. _Wld hir .ni.(. h VLF .)ﬂ.)h b/ Qm f.. 1\\ .Q.) ._J.. “...
Ol T AT A4 RS AN RS e e gt e
{ hal? Vil blal~ L‘.W L. + e %mm
g H- PR RN by 7 1S YA o N 5 s
df L A it 4047 A LR o
AN Ryl .\,(\,»Sz. FEA TS L1 Dl AL A L
Wl IdAT o[ KN R[S g R\ PR G = t
Fr i IR SRS AN 9 SSo\ | N ST oA e 1A R 03 T 2% DS | D R R E K A1) 29 Y
b x‘ww-g.\ﬂmg :\\\VB\‘ ﬂ.n)lu"\hﬂ,\nmw k) ] -\\CU.‘:_..U .\f:.,nv\\e{n\. S PES VRGN AANIIAAS 4
4 |, AY VA -1k e i .
(- HAHHSI=4 8¢
—— S e e i it B N - e o ja e (gt [t e po— | g e | =t {44 1= = —|— 1]
2dojaAu] 9G4 — — — 001Xt orxwe 9
2dojaAu] %89 ———— QL jorxis 6 6°c
unipay @—@ 0 0 ¥ ]
mo_ Xyl mo_ xg'C €
1oL X 1 oo_x_.m 8 oo_xv._ .vo_xw.m [4 -
X M X . X . X °
oo_ £'¢ nwo_ 0°1 z mo_ ! mo_ 9°C 1
29s/ wo/u 1y /1 340 sas/ wo/u 1y /1 340, .
S3LVY NOILVIaVY
: T 108 I - IIITTT TIITIT ITITI T -
b —— 48 / %9 - .G IJ |-
A X . Bl X . A X M Pl X M J X 1 X — 4 —X _.
oop 96 oo_ 81 oop AN mo_ AN mo__mm o_ ¥ o ¥
Y4

(SLT0A) ZA
52




